ABSTRACT Spinosad and chlorpyrifos-methyl plus deltamethrin efÞcacy at labeled rates on hard red winter wheat were evaluated against 11 Þeld strains of the red ßour beetle, Tribolium castaneum (Herbst); six strains of the sawtoothed grain beetle, Oryzaephilus surinamensis (L.); and two strains of the lesser grain borer, Rhyzopertha dominica (F.), collected mostly from farm-stored grain in Kansas. Adults were exposed to wheat treated with spinosad at 1 mg(active ingredient)/kg or chlorpyrifosmethyl plus deltamethrin at three plus 0.5 mg(active ingredient)/kg. Adult mortality was assessed after 7 and 14 d and progeny production after 42 d. Spinosad did not provide complete mortality or progeny suppression of T. castaneum and O. surinamensis Þeld strains, but was effective against R. dominica strains. Chlorpyrifos-methyl plus deltamethrin produced complete mortality and progeny suppression of Þeld strains all three species. The two least susceptible T. castaneum and O. surinamensis strains and the two R. dominica strains were chosen for doseÐresponse tests only with spinosad. The LD 99 values for T. castaneum and R. dominica Þeld strains were similar to that of the corresponding laboratory strains. Corresponding values for the two O. surinamensis Þeld strains were signiÞcantly greater (Ϸ6 times) than the laboratory strain. The effective dose for progeny reduction (ED 99 ) of only one R. dominica Þeld strain was signiÞcantly greater (Ϸ2 times) than the laboratory strain. The baseline susceptibility data of Þeld strains of three insect species to spinosad will be useful for monitoring resistance development when this product is commercially released as a grain protectant.
The application of an insecticide to newly harvested grain as it is loaded into a bin is an important preventive integrated pest management (IPM) approach (Arthur and Subramanyam 2012) . Insecticides applied directly to grain are called grain protectants. Spinosad was approved as a grain protectant by the United States Environmental Protection Agency (USÐEPA) in 2005 for use on barley, corn, millets, oats, rice, sorghum, and wheat (Hertlein et al. 2011) , and commercial release of formulations for grain treatment is expected soon. Chlorpyrifos-methyl plus deltamethrin was registered by the USÐEPA on 27 October 2004 for use on barley, oats, rice, sorghum, and wheat as well as empty bins receiving these grains. This combination product replaced chlorpyrifos-methyl (Reldan 4E) used at 6 mg(active ingredient [AI] )/kg after the product registrants (Dow AgroSciences, Indianapolis, IN, and Bayer CropScience, Research Traingle Park, NC) petitioned USÐEPA to revoke existing tolerances and cancel product registrations, which became effective 5 December 2007 (Anonymous 2007) .
Spinosad at the labeled rate of 1 mg(AI)/kg is effective against a broad range of stored-grain insects (Fang et al. 2002b , Hertlein et al. 2011 ), on barley, corn, sorghum, and wheat , Getchell and Subramanyam 2008 , Kavallieratos et al. 2010 . Previous studies have shown the lesser grain borer, Rhyzopertha dominica (F.), to be highly susceptible to spinosad (Fang et al. 2002a,b; Flinn et al. 2004; Huang et al. 2004; Subramanyam et al. 2007 ). The adults of sawtoothed grain beetle, Oryzaephilus surinamensis (L.), and red ßour beetle, Tribolium castaneum (Herbst), are moderately susceptible to spinosad (Subramanyam et al. 1999 , Fang et al. 2002a , Nayak et al. 2005 , but Þrst instars of these species are highly susceptible to spinsoad as evidenced by lack of adult progeny production on spinosad-treated grain (Toews and Subramanyam 2003 , Flinn et al. 2004 .
Chlorpyrifos-methyl plus deltamethrin at the labeled rate of three plus 0.5 mg(AI)/kg is effective against several species of psocids on stored wheat ). It is also effective against R. dominica, T. castaneum, the rice weevil, Sitophilus oryzae (L.); and Indianmeal moth, Plodia interpunctella (Hü bner), on wheat and R. dominica and S. oryzae on short-grain rice and long-grain rice . Huang et al. (2004) tested the efÞcacy of spinosad against two Þeld strains each of R. dominica, T. castaneum, and P. interpunctella, and one strain of the rusty grain beetle, Cryptolestes ferrugineus (Stephens), collected from bins of stored hard red winter wheat in Kansas. Athanassiou et al. (2008) tested six strains of the confused ßour beetle, Tribolium confusum Jacquelin du Val, collected from different countries of Europe. In general, these two studies showed Þeld strains to be less susceptible than corresponding laboratoryreared strains. To our knowledge, Þeld strains of stored-grain insects have not been evaluated for their susceptibility to chlorpyrifos-methyl plus deltamethrin. Field strains of insects may differ widely in their susceptibility to insecticides applied to grains because of natural tolerance or resistance (Subramanyam et al. 1989 , Subramanyam and Hagstrum 1996 , Huang et al. 2004 , Kljajić and Perić 2006 , Vayias et al. 2009 ). Therefore, evaluation of insecticides against Þeld strains is necessary to conÞrm whether or not an approved insecticide at the labeled rate will work in practical Þeld situations. In the present investigation, we determined susceptibility of adults of T. castaneum, O. surinamensis, and R. dominica Þeld strains collected mostly from farm-stored grain in Kansas to spinosad and chlorpyrifos-methyl plus deltamethrin applied to hard red winter wheat. Data on effectiveness of an insecticide against Þeld strains are important to make recommendations to farmers and grain managers; in addition such data provide baseline information on insect susceptibility that is important in pest management and resistance management programs.
Materials and Methods

Collection of Field Strains and Insect Rearing.
Adults of T. castaneum, O. surinamensis, and R. dominica were collected from farm bins at cooperating farm sites (Table 1) between July and November 2011 by inserting Þve perforated probe traps (Subramanyam et al. 1993 ) just below the stored-grain surface to capture live adults. The traps were removed after 1Ð2 wk. In addition, 1Ð2 kg sample of mostly wheat, and some corn and sorghum were collected in 37.5 by 30.5 cm plastic Ziploc bags (Assorted Bag Company, Dallas, TX). In the laboratory, live adults of each species (Ϸ50 Ð200) were separated from traps and grain samples. In addition, four strains of T. castaneum and one strain of R. dominica collected from ßour mills in the United States before 2011, and one strain of T. castaneum collected in 2011 from a riceprocessing facility were also included in this study. In total, 11 Þeld strains of T. castaneum, six strains of O. surinamensis, and two strains of R. dominica were used in the study along with corresponding laboratory strains, that have been in rearing, without insecticide exposure, since 1999 in the Department of Grain Science and Industry, Kansas State University. These laboratory strains served as the standard reference strains and assumed to be insecticide-susceptible.
Laboratory and Þeld strains were reared on standard diets in a growth chamber set at 28ЊC and 65% relative humidity (RH). Organic white wheat ßour (Heartland Mills, Marienthal, KS) plus 5% (by wt) brewerÕs yeast diet was used for rearing T. castaneum. Organic, hard red winter wheat (Heartland Mills) and rolled oats (Heartland Mills) plus 5% brewerÕs yeast diet were used for rearing R. dominica and O. surinamensis, respectively.
Insecticides. The liquid formulations of spinosad (Contain II, a precommercial release formulation) and chlorpyrifos-methyl plus deltamethrin (Storcide II) were supplied by Bayer CropScience (Research Triangle Park, Raleigh, NC). Liquid spinosad formulation had a purity of 232 mg(AI)/ml and the purity of chlorpyrifos-methyl plus deltamethrin was 216 mg(AI)/ml of chlorpyrifos-methyl and 37 mg(AI)/ml of deltamethrin. Stock solutions and dilutions for grain treatment were made in distilled water.
Wheat Treatment. Organic, hard red winter wheat was cleaned manually by sieving it over a 2-mm round hole sieve (Seedburo Equipment Co., Chicago, IL) to remove dockage and broken kernels. Cleaned wheat was frozen for 1 wk at Ϫ13ЊC to kill any live insects present. The moisture content of grain samples was equilibrated to 12 Ϯ 1% in environmental growth Spinosad or chlorpyrifos-methyl plus deltamethrin solution (1 ml) was applied to 1 kg lots of wheat to provide the respective labeled rates. Each lot of wheat was treated with an insecticide in a 5 kg capacity stainless steel drum that was rotated mechanically for 10 min to ensure uniform coverage of the insecticide on kernels. Wheat treated with aliquots of distilled water served as the control treatment (0 mg [AI]/kg). Treated wheat (50 g) was weighed in separate 473 ml glass jars and 25 unsexed 1Ð3 wk old adults of an insect species were introduced into each jar. The jars after adult introduction were closed with metal lids Þtted with wire-mesh screens and Þlter papers and kept in an environmental chamber at 28ЊC and 65% RH.
The mortality of introduced adults was examined at 7 and 14 d and adult progeny production after 42 d. Separate sets of jars were used for each observation time. Adults unable to move when prodded with a Þne brush were considered dead. Each combination of insecticide, observation time, and insect species was replicated Þve times and each replicate was treated separately as explained above. The original number of introduced adults (25) was subtracted from the number of adult progeny produced before subjecting data to statistical analysis. Dose-Response Bioassays. Initially bioassays were carried out on laboratory strains for standardization of doses to be used in doseÐresponse tests only with spinosad, because laboratory and Þeld strains of the three species exposed to chlorpyrifos-methyl plus deltamethrin at the labeled rate showed complete mortality and progeny suppression. Based on the tests at labeled rates, two least susceptible Þeld strains of each species (CF and HN strains of T. castaneum, AB1 and AB2 strains of O. surinamensis, and CF and RL strains of R. dominica) as well as the corresponding laboratory strains were chosen for doseÐresponse tests. The spinosad rates used were 0, 1, 2, 5, 10, 15, 20, 25, 30, 35 , and 40 mg(AI)/kg for T. castaneum laboratory and Þeld strains; 0, 0.2, 0.5, 0.7, 1, and 2 mg(AI)/kg for the O. surinamensis laboratory strain; 1, 2, 5, 7, and 10 mg(AI)/kg for O. surinamensis Þeld strains, and 0, 0.005, 0.007, 0.01, 0.02, 0.03, 0.04, 0.06 mg(AI)/kg for R. dominica laboratory and Þeld strains.
Wheat (50 g) was taken in separate 473 ml glass jars and 50 l of each insecticide solution was applied to obtain the desired insecticide rate. After adding the insecticide solution, wheat in the glass jars was shaken by hand for 1 min to facilitate insecticide coverage on the kernels. Wheat treated with aliquots of distilled water served as the control treatment (0 mg[AI ]/kg). Twenty-Þve unsexed, 1Ð3 wk old adults of an insect species were introduced into each jar. The jars were closed with metal lids Þtted with wire-mesh screens and Þlter papers and kept at 28ЊC and 65% RH. Each combination of insecticide and rate for an insect species was replicated three times and each replication was treated separately. After 7 d, the grain samples were sifted over a 2-mm diameter sieve (Seedburo Equipment Co., Chicago, IL) to count the number of live and dead adults. The contents (wheat and insects) were transferred back into the jars and were returned to the growth chamber to determine progeny production at 42 d postinfestation. The original number of introduced adults (25) was subtracted from the number of adult progeny produced before subjecting data to statistical analysis.
Data Analysis. In tests at labeled rates, the number of dead insects out of the total exposed to untreated and insecticide-treated wheat after 7 and 14 d were calculated as a percentage. Mortality data on insecticide-treated wheat were corrected for mortality on untreated (control) wheat (Abbott 1925) . Corrected mortality data were transformed to angular values (Zar 1984) and adult progeny production data were transformed to log 10 (x ϩ1) scale for statistical analysis. Mortality data, by species and insecticide, were subjected to two-way analysis of variance (ANOVA) to determine differences in mortality between 7 and 14 d and among the insect strains. To determine differences among strains, corrected mortality data at 7 or 14 d were subjected to one-way ANOVA and means were separated using Bonferroni t-tests at ␣ ϭ 0.05 (SAS Institute 2008). The adult progeny produced on the untreated (control) and spinosad-treated wheat for each insect species and strain were compared using two-sample t-tests (SAS Institute 2008), because of wide variation in progeny production among strains.
The mean mortality data from doseÐresponse tests for each insect species on spinosad-treated wheat were corrected for mortality on untreated wheat (Abbott 1925) . Corrected dose-mortality data were subjected to probit analysis (SAS Institute 2008) for determining the dose producing 50% (LD 50 ) and 99% (LD 99 ) mortality of insects and associated statistics. The LD 99 values for any two strains of a species were compared using a ratio test (Robertson and Preisler 1992) . The percent reduction in progeny production in the spinosad-treated wheat relative to the control treatment was calculated. These data were subjected to probit analysis, where possible, to determine effective dose for 50% (ED 50 ) and 99% (ED 99 ) reduction in progeny production (SAS Institute 2008). The ED 99 values for any two strains of a species were compared using a ratio test. The LD 99 or ED 99 values between any two strains were considered signiÞcantly different (P Ͻ 0.05) if the 95% CI for the ratio did not include one (Robertson and Preisler 1992) .
Results
Tests at Labeled Rates. The 7 and 14 d mortality of all T. castaneum strains on untreated wheat ranged from 0 to 4% and from 0 to 9%, respectively. The 7 and 14 d mortality of all the strains on spinosad-treated wheat ranged from 2 to 18% and 4 to 58%, respectively (Table 2) , and the laboratory strain was as susceptible as several Þeld strains. Two-way ANOVA showed that the 14 d mortality of T. castaneum strains when exposed to spinosad-treated wheat was greater than the 7 d mortality (F ϭ 79.73; df ϭ 1, 96; P Ͻ 0.0001). Mortality differences among strains were also significant (F ϭ 6.3; df ϭ 11, 96; P Ͻ 0.0001) as was the interaction of strain and day (F ϭ 3.51; df ϭ 11, 96; P ϭ 0.0004). One-way ANOVA showed signiÞcant differences among strains for mortality data collected on day 7 (F ϭ 3.10; df ϭ 11, 48; P ϭ 0.0032) and day 14 (F ϭ 6.0; df ϭ 11, 48; P Ͻ 0.0001). The 7 d mortality of CF strain was signiÞcantly different (P Ͻ 0.05) from that of TP strain, whereas no differences were observed among all other strains. A similar trend was observed for the 14 d mortality among strains. The CF strain mortality was signiÞcantly different (P Ͻ 0.05) from that of the AB1 strain, and despite wide variation in mortality among strains, signiÞcant differences were not detected. Chlorpyrifos-methyl plus deltamethrin was extremely effective against all T. castaneum strains with 100% mortality at 7 and 14 d.
Adult progeny production among T. castaneum strains in the control treatment ranged from 10 to 86 adults/jar (Table 3 ). There was no progeny production in four out of the 11 Þeld strains exposed to spinosad-treated wheat. Except for the CF strain, reduction in progeny production relative to production on untreated (control) wheat ranged from 90 to 100%. In six strains, where minimal progeny production was observed, the numbers produced were signiÞcantly lower (P Ͻ 0.05) than in the corresponding control treatment. The progeny production of the CF strain exposed to spinosad was similar (P Ͼ 0.05) to production on untreated wheat. None of the strains exposed to chlorpyrifos-methyl plus deltamethrin produced progeny.
The mean 7 and 14 d mortality of O. surinamensis strains on untreated wheat was Ͻ2 and 9%, respectively. All six Þeld strains of O. surinamensis after 7Ð14 d exposures were less susceptible to spinosad (4 Ð20% mortality) when compared with the laboratory strain (77Ð 80% mortality) (Table 4 ). There were signiÞcant differences in mortality among the strains (F ϭ 62.22; df ϭ 6, 56; P Ͻ 0.0001), but mortality was similar between 7 and 14 d (F ϭ 3.08; df ϭ 1, 56; P ϭ 0.085). The strain and exposure time interaction was not signiÞcant (F ϭ 0.92; df ϭ 6, 56; P ϭ 0.488). One-way ANOVA showed differences among strains at both 7 d b Percent reduction in adult progeny production of Þeld strains relative to production on untreated (control) wheat.
c Data were not subjected to two sample t-tests because progeny were not produced in spinosad treatments.
d Variances were equal (F, range ϭ 1.69 Ð7.82; df ϭ 4,4; P, range ϭ 0.071Ð 0.623).
e Variances were unequal (F, range ϭ 9.93Ð37.07; df ϭ 4,4; P, range ϭ 0.004 Ð 0.047).
* SigniÞcant (P Ͻ 0.05). Each mean is based on n ϭ 5. a Mean Ϯ SE 7 and 14 d mortality on untreated (control) wheat ranged from 0 to 1.7 Ϯ 1.7 and 0 to 8.6 Ϯ 1.4%, respectively.
b For each insecticide means among strains at 7 or 14 d followed by different letters are signiÞcantly different (P Ͻ 0.05; by Bonferroni t-tests).
c One-way ANOVA was signiÞcant (F-value ϭ 13.67; df ϭ 6, 28; P Ͻ 0.0001).
(F ϭ 36.11; df ϭ 6, 28; P Ͻ 0.0001) and 14 d (F ϭ 27.37; df ϭ 6, 28; P Ͻ 0.0001). The signiÞcant effect observed is because of mortality of the laboratory strain being higher (P Ͻ 0.05) than that of the Þeld strains. The 7 d mortality of all Þeld strains was similar (P Ͼ 0.05), whereas the 14 d mortality of strain AB2 was different (P Ͻ 0.05) from that of CF strain but was not different (P Ͼ 0.05) among all other Þeld strains.
Exposure to chlorpyrifos-methyl plus deltamethrin for 14 d resulted in complete mortality of Þve of the six O. surinamensis Þeld strains and the laboratory strain (Table 4 ). The 7 d mortality of Þve strains was 100% and that of other two Þeld strains was 84 Ð96%. Mortality differences were observed among strains (F ϭ 19.48; df ϭ 6, 56; P Ͻ 0.0001), but not between 7 and 14 d (F ϭ 3.5; df ϭ 1, 56; P ϭ 0.066). The strain and exposure time interaction also was not signiÞcant (F ϭ 1.62; df ϭ 6, 56; P ϭ 0.159). One-way ANOVA showed mortality differences among strains at 7 d (F ϭ 9.79; df ϭ 6, 28; P Ͻ 0.001) and 14 d (F ϭ 13.67; df ϭ 6, 28; P Ͻ 0.0001). This difference was primarily because of AB1 strain showing signiÞcantly lower (P Ͻ 0.05) mortality than the other strains.
Adult progeny production of each O. surinamensis strain was signiÞcantly lower (P Ͻ 0.05) on spinosadtreated wheat when compared with production on untreated wheat (Table 5) . Percent reduction in progeny production on spinosad-treated grain relative to that on untreated wheat ranged from 68 to 89%. No progeny were produced in strains exposed to chlorpyrifos-methyl plus deltamethrin.
The mean 7 and 14 d mortality of R. dominica strains in control treatment was Ͻ10%. Spinosad was extremely effective against all R. dominica strains with 99 Ð100% mortality after 7 and 14 d of exposure. Therefore, difference among strains (F ϭ 1.0; df ϭ 2, 24; P ϭ 0.383) and between exposure times (F ϭ 1.0; df ϭ 1, 24; P ϭ 0.327) were not signiÞcant. The strain and exposure time interaction also was not signiÞcant (F ϭ 1.0; df ϭ 2, 24; P ϭ 0.383).
Like spinosad, chlorpyrifos-methyl plus deltamethrin was effective against R. dominica. There were no signiÞcant differences among strains (F ϭ 2.67; df ϭ 2, 24; P ϭ 0.090) and between the exposure times (F ϭ 2.67; df ϭ 1, 24; P ϭ 0.116). The strain and exposure time interaction was not signiÞcant (F ϭ 2.67; df ϭ 2, 24; P ϭ 0.09). Adult progeny production of R. dominica on the untreated wheat for the laboratory strain was 357 adults/jar, whereas for the CF and RL strains, it was 35 and 36 adults/jar, respectively. No progeny production was observed in strains exposed to either spinosad or chlorpyrifos-methyl plus deltamethrin.
Dose-Response Tests. The LD 50 and LD 99 values and associated statistics for the T. castaneum, O. surinamensis, and R. dominica strains exposed to spinosad are shown in Table 6 . Based on LD 50 and LD 99 values, the adults of R. dominica, in general, were highly susceptible to spinosad followed by O. surinamensis, and T. castaneum. Ratio tests using the LD 99 values showed that there were no differences (P Ն 0.05) between the laboratory and Þeld strains of T. castaneum or R. dominica (Table 7) . The two Þeld strains of O. surinamensis were not signiÞcantly different from one another (P Ͼ 0.05), but each Þeld strain had signiÞcantly higher (P Ͻ 0.05) LD 99 than the laboratory strain. 
Ͻ0.0001
a There were no adult progeny produced by all strains in chlorpyrifos-methyl plus deltamethrin treatment except AB1 strain where 0.2 Ϯ 0.2 adults/jar were produced.
b Percent reduction in adult progeny production of Þeld strains relative to production on untreated (control) wheat.
c Variances were equal (F, range ϭ 1.67Ð 6.29; df ϭ 4, 4; P, range ϭ 0.103Ð 0.633).
d Variances were unequal (F, range ϭ 9.77Ð33.19; df ϭ 4, 4; P, range ϭ 0.005Ð 0.049).
* All P values were signiÞcant (P Ͻ 0.05). c Mean Ϯ SE mortality of three R. dominica strains on untreated (control) wheat ranged from 2.7 Ϯ 2.7 to 6.7 Ϯ 6.7%. * Goodness-of-Þt of the probit model to data was not signiÞcant (P Ͼ 0.05), indicating good Þt of the model to data.
Adult progeny production of T. castaneum on the untreated wheat was 55 adults/jar, and that of the CF and HN strains was 52 and 61 adults/jar, respectively. Progeny production was observed only with the two Þeld strains exposed to 1 mg(AI)/kg of spinosad; the CF strain produced eight adults/jar while the HN strain produced two adults/jar. Reduction in progeny production at 1 mg(AI)/kg of these strains compared with production of the same strains on untreated wheat was 87Ð96%.
The progeny production of O. surinamensis on untreated wheat was essentially similar between the laboratory and the two Þeld strains, and ranged from 29 to 33 adults/jar. The laboratory strain of O. surinamensis failed to produce adult progeny at spinosad rates of 2 mg(AI)/kg and above. Progeny production was observed at 0.2, 0.5, 0.7, and 1 mg(AI)/kg of spinosad (7Ð24 adults/jar). Even at the labeled rate of 1 mg(AI)/kg, the reduction in progeny production of the laboratory strain when compared with production on untreated wheat was 76%. The Þeld strains did not produce progeny at spinosad rates of 7Ð20 mg(AI)/kg, but those exposed to 1, 2, and 5 mg(AI)/kg produced 1Ð13 adults/jar. In the two Þeld strains, reduction in progeny production on spinosadtreated wheat was 57Ð99% relative to production of the same strains on untreated wheat. The ED 99 values for progeny reduction were six to eight times higher than the ED 50 values (Table 8 ). In general, for the Þeld strains the spinosad rate for 50 and 99% progeny reduction was slightly lower than the rate required to produce 50 and 99% adult mortality. The ED 99 values for progeny reduction of the AB1 and AB2 strains were not signiÞcantly different from one another (P Ͼ 0.05) Adult progeny production of the laboratory and two Þeld strains of R. dominica on untreated wheat ranged from 176 Ð254 adults/jar. Progeny production was inversely related to spinosad rate for all strains, and ranged from 0 to 170 adults/jar. At the highest spinosad rate (0.06 mg[AI]/kg), the laboratory strain failed to produce any progeny, but 8 to 10 adults/jar were observed in the two Þeld strains. In the two Þeld strains, reduction in progeny production on spinosadtreated wheat was 31Ð97% relative to production of the same strains on untreated wheat. The ED 99 values for progeny reduction of R. dominica strains were 7 to 15 times higher than the corresponding ED 50 values ( Table 9 ). The ED 99 values for progeny reduction of the three strains was Յ0.1 mg(AI) of spinosad per kilogram of grain. Comparison of the ED 99 values for the CF and RL Þeld strains using the ratio test showed that they were not signiÞcantly different (P Ͼ 0.05) from one another (1. 40 [0.78 Ð2.50] 
Discussion
Spinosad is a promising grain protectant (Hertlein et al. 2011 ) and it has not been commercially released yet. In the current study, a 32-fold variation in adult mortality among T. castaneum strains and six-fold variation among O. surinamensis strains was observed when exposed to spinosad-treated wheat. Variation in susceptibility among different insect species, and different strains of the same species, to an insecticide is common (Subramanyam et al. 1989 , Subramanyam and Hagstrum 1996 , Kljajić and Perić 2006 . Huang et al. (2004) reported the Þeld strains of T. castaneum, P. interpunctella, and C. ferrugineus were two to six times less susceptible to spinosad than the corresponding laboratory strains based on LD 95 values. Strains of T. confusum from different locations in Europe differed markedly in their susceptibility to spinosad with adult mortalities ranging from 1 to 81% after a 7 d exposure on wheat treated with a dry spinosad formulation applied at a rate of 0.19 mg(AI)/kg (Athanassiou et al. 2008). The large variation in susceptibility among strains may be because of differences in mobility, insecticide absorption, penetration, and metabolism. In our study, both the laboratory and Þeld strains of T. castaneum were less susceptible to spinosad even at rates much higher than the labeled rate. Previous studies have shown T. castaneum adults to be less susceptible to spinosad on wheat (Fang et al. 2002a,b; Flinn et al. 2004; Subramanyam et al. 2007 ). However, susceptibility of T. castaneum adults to spinosad at the labeled rate varies with the wheat class. For example, the 14 d mortality of T. castaneum adults ranged from 2 to 55% on hard red spring, soft red winter, hard red winter, and durum wheats (Fang et al. 2002a ). Our results showed that even though there was wide variation in adult mortality among strains, there was 90 Ð 100% reduction in progeny production relative to that on untreated wheat, except in the CF strain. The low adult progeny production on spinosad-treated wheat in 10 out of the 11 Þeld strains indicated that the neonates are highly susceptible to spinosad. Toews and Subramanyam (2003) reported 100% suppression of egg-to-adult emergence of T. castaneum exposed as eggs to wheat treated with spinosad at the labeled rate after 14 d. Athanassiou et al. (2008) found the third to fourth instars of six T. confusum strains from different locations of Europe to be generally more susceptible to spinosad than adults. The high progeny production in the CF strain may be an anomaly and not an indicator of resistance because the LD 99 value of this strain was similar to that of the laboratory strain in doseÐresponse tests.
The Þeld strains of O. surinamensis showed reduced susceptibility to spinosad when compared with the laboratory strain. This was conÞrmed in doseÐre-sponse tests as the LD 99 values of the two Þeld strains were about six times higher than that of the laboratory strain. However, progeny production was not adversely affected as shown by similar ED 99 values of the laboratory and Þeld strains. Therefore, there may be natural tolerance or resistance in O. surinamensis Þeld strains with no reproductive disadvantage. Complete progeny suppression in O. surinamensis could not be achieved which may be because of lower susceptibility of neonates to spinosad. Toews and Subramanyam (2003) reported that the 14 d mortality of O. surinamensis larvae exposed as eggs to labeled rate of spinosad on whole hard red winter wheat was Ϸ80% indicating reduced susceptibility of Þrst instars. Effectiveness of spinosad against O. surinamensis varies depending on the type of commodity. Mortality of O. surinamensis adults ranged from 3 to 76% among different classes of wheat treated with spinosad at the labeled rate after 7 and 14 d of exposure (Fang et al. 2002a) . Subramanyam et al. (1999) also found O. surinamensis to be moderately susceptible to spinosad on hard red spring wheat based on adult mortality, and signiÞcant reduction in adult progeny production was observed only at rates Ն3 mg(AI)/kg. Spinosad was highly effective against O. surinamensis on corn based on Ͼ98% mortality after 12 d of exposure and complete progeny suppression (Huang and Subramanyam 2007) . Daglish et al. (2003) found the adult mortality of O. surinamensis was Ͻ10% after 14 d of exposure to spinosad-treated wheat resulting in only 7% reduction in progeny production.
Spinosad was effective against R. dominica adults of all strains as evidenced by complete mortality within 7 d and complete progeny suppression. These Þndings are consistent with previous studies, which showed R. dominica to be highly susceptible to spinosad even at low rates of 0.1Ð 0.5 mg(AI)/kg (Fang et al. 2002a,b; Flinn et al. 2004 , Huang et al. 2004 , Daglish and Nayak 2006 , Getchell and Subramanyam 2008 . The high susceptibility of R. dominica adults to spinosad coupled with delayed mortality effects on adults after brief exposures to spinosadtreated wheat (Getchell and Subramanyam 2008, Boina et al. 2012) contribute to spinosadÕs overall effectiveness against this species.
Chlorpyrifos-methyl plus deltamethrin was a much better protectant on wheat against laboratory and Þeld strains of T. castaneum, O. surinamensis, and R. dominica based on 100% or close to 100% mortality of adults after 7 d of exposure and total progeny suppression. Lack of progeny production could be because of rapid mortality of introduced adults before they have had a chance to lay eggs, or high susceptibility of Þrst instars hatching from eggs laid by the adults. Chlorpyrifosmethyl plus deltamethrin was effective against the psocid species Lepinotus reticulatus Enderlein, Liposcelis entomophila (Enderlein), Liposcelis bostrychophila Badonnel, and Liposcelis paeta Pearman on rice and wheat ). It was also effective against R. dominica, S. oryzae, and T. castaneum on wheat . The combined treatment of chlorpyrifos-methyl at 6 mg(AI)/kg and deltamethrin at 0.5 or 1 mg(AI)/kg resulted in 100% mortality of R. dominica and S. oryzae on wheat and T. castaneum on corn (Arthur 1994 ). Our study provides baseline data on susceptibility of laboratory and Þeld strains of three stored-grain insect species to two of the insecticides approved as grain protectants. This information would be helpful in screening changes in susceptibility of these species to insecticides once these insecticides are used in the Þeld on a continuous basis. Baseline data generated here can be used to detect development of incipient resistance. Additional work is needed to determine the behavioral or physiological factors responsible for the differential performance of spinosad among strains.
In summary, our results show that chlorpyrifosmethyl plus deltamethrin is an ideal insecticide to use on stored wheat for controlling adults of R. dominica, T. castaneum, and O. surinamensis strains and for suppression of progeny production. There are several reports of resistance in stored-grain insects to deltamethrin (Lorini and Galley 1999 , PerezÐMendoza 1999 , Ribeiro et al. 2003 and to chlorpyrifos-methyl (Beeman and Wright 1990 , Zettler and Cuperus 1990 , Collins et al. 1993 , Guedes et al. 1996 , Ribeiro et al. 2003 , but not to the combination product. Therefore, it is advisable to use the combination product in rotation with spinosad or other approved grain protectants (Arthur and Subramanyam 2012) as part of an integrated insect pest management and resistance management programs.
